1. Introduction {#s0005}
===============

Magnetic resonance imaging (MRI) represents the gold standard for perioperative imaging of brain tumors as it allows for the submillimeter acquisition of fine anatomical and pathological structures with excellent soft-tissue contrast. In brain tumor surgery, the therapeutic aim is complete resection of a lesion while simultaneously preventing damage to "eloquent" brain areas (e.g., the speech areas). The extent of resection comprises one of the prognostic factors for progression-free and overall survival alike ([@bb0045], [@bb0090]). Intraoperatively, brain shift after craniotomy or during resection of the lesion can unpredictably invalidate the preoperatively acquired data ([@bb0070]). To correct for this brain shift, intraoperative imaging was introduced ([@bb0010]). Intraoperative MRI examinations require particular equipment (e.g., surface coils) and patient positioning is limited. Air-fluid borders or an air-filled resection cavity may affect image quality in some sequences or produce distinctive susceptibility artifacts, which may preclude identification of the resection cavity rim or residual tumor tissue. However, surgery itself temporarily disrupts the blood-brain barrier intraoperatively, causing contrast enhancement at the rim of the resection cavity, which possibly cannot be distinguished from residual tumor using conventional sequences only ([@bb0100], [@bb0050]).

In addition to structural (anatomical) imaging, obtaining physiological information (i.e., perfusion MRI) is helpful for differential diagnosis as well as for postoperative follow-up imaging to depict recurrent disease or to distinguish it from postoperative changes. Since being introduced, intraoperative perfusion imaging has proven to be a reliable method of identifying residual tumor during surgery and distinguishing it from surgically induced contrast enhancement that potentially can lead to misinterpretation of these images ([@bb0055], [@bb0095], [@bb0080]). However, dynamic susceptibility-weighted MRI (DSC-MRI) or dynamic contrast-enhanced MRI (DCE-MRI) requires intravenous administration of a contrast agent (CA). The use of such agents represents a disadvantage of these methods as it limits the number of times the measurements can be repeated. Furthermore, it can be problematic in patients in whom renal function is impaired, potentially leading to nephrogenic system fibrosis (NSF) ([@bb0035]). Additionally, recent findings suggest that MRI contrast agents become dechelated, causing permanent accumulation of by-products in the brain parenchyma ([@bb0025], [@bb0040]).

One method of obtaining perfusion contrast without the need for an external contrast agent is arterial spin labeling (ASL). Here, an endogenous contrast agent is created by manipulating the magnetic state of inflowing blood, whereby a label (inversion) and a control (no inversion) image are acquired which are subsequently subtracted to obtain cerebral blood flow (CBF) weighted images ([@bb0005], [@bb0110], [@bb0015]). ASL is attractive as not only is a CA application not required, but CBF can also be quantified in absolute values (ml/min/100 g brain tissue) ([@bb0110], [@bb0015]). Furthermore, while ASL benefits from higher magnetic field strengths (3T), it can also be reliably performed on 1.5T scanners ([@bb0005], [@bb0075]). Currently, the recommended method of performing non-contrast-enhanced perfusion imaging using ASL is pseudo-continuous ASL (pCASL) ([@bb0005]). In this method, inversion of inflowing blood is achieved by applying short, consecutive RF pulses in conjunction with pulsed gradient fields in a tagging plane placed across the arteries in the neck. After tagging, a certain delay time needs to be awaited, which is denoted as postlabeling delay (PLD). At the time of acquisition, all blood is ideally delivered to the parenchyma. Owing to the low signal that is obtained in each acquisition, the experiment needs to be repeated several times, giving acquisition times of approximately 5 min in total ([@bb0005]).

The first aim of this study was to evaluate the reproducibility of ASL using different scanners, scanning equipment, and field strengths to investigate whether the results of quantitative CBF measurements (of pre-, intra-, and postoperative imaging) match. These measurements were performed in a volunteer cohort without any history of intracranial disease. In addition to investigating the reliability of ASL, the clinical value of the technique for intra- and postoperative resection control was assessed in a small series of patients suffering from glioblastoma multiforme (GBM) in direct comparison to anatomical imaging.

2. Materials and methods {#s0010}
========================

Written informed consent was obtained prior to the study, which was approved by the local ethical committee (IRB).

2.1. Magnetic resonance imaging {#s0015}
-------------------------------

MRI in this study was performed on three different scanners (Philips Healthcare, Best, The Netherlands), including a 3T (Achieva series) scanner equipped with a 32-channel receive head coil, a 1.5T (Achieva series) scanner with a 6-channel head coil, and another 1.5T scanner (Intera series) equipped with two one-channel circular surface coils located in the operating room (OR). The imaging parameters for each scanner are summarized in [Table 1](#t0005){ref-type="table"}.Table 1Acquisition parameters for the ASL scan and the T2-weighted anatomical reference scan (used for cortical segmentation in the volunteers).Table 1ParameterPseudo-continuous arterial spin labeling scanT2-weighted scanScan techniqueEcho-planar-imagingTurbo-spin-echoTR/TE (ms)2616/131858/80 (3524/110 at 1.5T)EPI/TSE factor39 (33 at 1.5T)19 (23 at 1.5T)In-plane voxel size (mm)3.6 × 3.52.7 × 2.7SENSE factor2--Slice thickness (mm)/number of slices5/165/16Field-of-view (mm)240 × 240 × 95240 × 240 × 95Readout flip angle90°90°Labeling duration/post labeling delay (ms)1800/1800--Number of label and control pairs\
(3T/1.5T Rad/1.5T OR)20/30/40--

2.2. Volunteer study {#s0020}
--------------------

Ten healthy volunteers (6 female and 4 male, age = 31.4 ± 16.2 years; mean ± standard deviation) were included in this study. These patients were recruited from the neurosurgery department after spinal surgery. Exclusion criteria were any history of intracranial conditions and general MRI incompatibility, e.g., due to cardiac pace makers.

Each volunteer was examined in each of these MRI scanners within 1 h to minimize any fluctuations in CBF, e.g., caused by varying blood pressure. The data obtained from this study were acquired to ensure comparability between the different scanners. The acquisition protocol included a T2-weighted sequence serving as an anatomical reference and for subsequent gray matter segmentation. Additionally, a pseudo-continuous arterial spin labeling (pCASL) scan with echo-planar readout (EPI) was performed ([@bb0005]). Acquisition details are presented in [Table 1](#t0005){ref-type="table"}.

2.3. Patient study {#s0025}
------------------

To show the potential of ASL in the intraoperative setting, eight patients suffering from GBM (5 male, 3 female, age = 59.2 years ± 22.3; mean ± standard deviation) were included. Of the eight patients, four had recurrent tumor mass (RT) and were referred to surgery after undergoing an MRI examination. These patients suffering from primary tumor (P) were admitted to MRI based on their clinical presentation, e.g., nausea, headache, focal seizures, or speech disturbance or a combination of these symptoms. One patient was referred to surgery after undergoing neoadjuvant chemotherapy (P(CTx)). All patients had visible tumor mass in both ASL and anatomical imaging prior to surgery. Exclusion criteria were general incompatibility with MRI scanning. All patients were scanned peri-, intra-, and postoperatively.

2.4. Preoperative imaging {#s0030}
-------------------------

MRI was performed in all patients for the purpose of neuronavigation (Brainlab VectorVision Sky ver. 6.01, Munich, Germany) the day before surgery. At this examination a contrast-enhanced T1-weighted dataset (MPRAGE) is acquired after attaching five fiducial markers to the patient\'s head to enable image-to-patient registration in the OR. In five patients, ASL was performed prior to contrast administration in this scan session on either the 3T or the 1.5T of the radiology department. The remaining three patients underwent preoperative ASL in the OR just prior to surgery. A summary of the scanners used is listed in the [Appendix A](#s0080){ref-type="sec"}, [Table 2](#t0020){ref-type="table"}.

2.5. Intraoperative setting {#s0035}
---------------------------

In the OR, conventional microsurgical equipment is used for tumor surgery, which needs to be placed and remain outside the 5-G line, including the intraoperative microscope and the anesthetic equipment. Anesthesia was induced intravenously in all patient cases using 3 mg/kg/h of propofol and 0.3 μg/kg/min remifentanil after initial administration of a bolus of both drugs that was adapted to the patients\' bodyweight. The OR table and the MRI can be connected using a modified rotating table (DIAGNOST 5 Syncra Tilt Patient Support, Philips Medical System, Best, The Netherlands) that can be attached to both the scanner and the OR table socket without repositioning the patient. The head of the patient is fixed using a carbon-fiber Mayfield head-holder (ProMedics, Dusseldorf, Germany). After anesthesia and positioning of the patient, image-to-patient registration was performed based on the postcontrast MPRAGE dataset. Neuronavigation was guided using a ceiling-mounted infrared tracker. MRI was performed intraoperatively either if the surgeon had estimated complete removal of the lesion or if the surgeon decided that further resection was not safe (e.g., due to adjacent eloquent structures).

For imaging the resection cavity was flushed using saline and filled with sterile swabs. The whole cavity was then draped with sterile covers. Circular coils wrapped into sterile draping were positioned below and above the patients\' head (anterior and posterior). This routinely performed intraoperative imaging protocol includes an axial T2-weighted sequence and sagittal and coronal T1-weighted images. The T1-weigthed images were acquired prior to and after administration of CA. Owing to the limitations of ASL being performed after CA administration, ASL was performed beforehand. Total surgery time including MRI was 4:43 ± 1:04 (mean ± standard deviation) h. Detailed durations for surgery can be found in [Appendix A](#s0080){ref-type="sec"}, [Table 2](#t0020){ref-type="table"}.

2.6. Postoperative management {#s0040}
-----------------------------

After surgery, all patients were transferred to the intensive care unit. Postoperative MRI is routinely performed within 24 h after surgery to judge the extent of the resection and to detect any unforeseen complications. Imaging was performed again on the 1.5T or 3T scanner in the radiology department and the protocol included diffusion-weighted imaging, an axial T2 image, and the same T1-weighted images as during surgery with and without CA. ASL was again performed prior to administering CA.

2.7. Data processing {#s0045}
--------------------

All data were exported and postprocessed offline on a personal computer running Matlab R2015a (The Mathworks, Natick, MA). In the volunteer study, the anatomical images were segmented for gray matter using statistical parametric mapping (SPM, version 12, The Wellcome Department of Cognitive Neurology, Institute of Neurology, University College London) to evaluate mean gray matter perfusion only. The resulting binary mask after segmentation consisting of gray matter only was applied to the ASL images. After applying the mask, the average of whole-brain gray matter CBF could be compared between the scanners. To quantify CBF values in ml/100 g/min, the algorithm recommended by the ISMRM perfusion study group and ASL consortium in dementia was employed ([@bb0005]):$$\mathit{CBF}\ \left\lbrack \mathit{ml}/\min/100g \right\rbrack = \frac{6000^{\ast}\lambda^{\ast}\left( \mathit{SI}_{\mathit{subtracted}} \right)^{\ast}e^{\frac{\mathit{PLD}}{{T1}_{\mathit{blood}}}}}{2^{\ast}\alpha^{\ast}{{T1}_{\mathit{blood}}}^{\ast}{M_{0}}^{\ast}\left( {1 - e^{- \frac{\tau}{{T1}_{\mathit{blood}}}}} \right)}$$where SI~subtracted~ is the signal intensity of the subtracted label and control images, λ is the blood-brain partition coefficient (0.9 mL/g), PLD is the postlabeling delay (1800 ms), T1~blood~ is the T1 relaxation constant of blood (1650 ms at 3T and 1350 ms at 1.5T), M~0~ is the signal intensity of the M~0~ image, and τ is the labeling duration (1800 ms).

In patients, ASL quantification was performed without segmentation to avoid removing (parts of) the tumor and images were not registered between the scan sessions. In the present study, the ASL images were not included intraoperatively for judging the completeness of tumor removal, but processed off-line after surgery. However, the data can be easily post-processed in real-time intraoperatively to already obtain the information during the procedure.

2.8. Data analysis {#s0050}
------------------

Quantitative CBF values obtained in each volunteer at each scanner were compared by applying Pearson\'s correlation. High correlation coefficients between the different settings were a prerequisite for using ASL intraoperatively and exchanging scanners preoperatively. ASL was additionally used to assist judgment of complete removal. To do so, two independent reviewers blinded to any intraoperative information read the images: one read anatomical images only, the other ASL data only to avoid bias through tumor sizes and locations by re-evaluating images. Both readers had several years of experience reading these images. To assess the interrater reliability, the intraclass correlation coefficient (ICC) was calculated.

3. Results {#s0055}
==========

3.1. Volunteer study {#s0060}
--------------------

Images were successfully acquired in all volunteers. Image quality and maps of quantitative CBF values present comparable results across the different scanners. An example of the images of all three scanners is shown for one representative volunteer in [Fig. 1](#f0005){ref-type="fig"}. The CBF values were within the range of previously published data ([@bb0085], [@bb0020], [@bb0030]). The mean (± standard deviation) of CBF values were 49.53 (± 9.72) for 3T, 49.15 (± 8.28) for 1.5T MRI, and 48.65 ± (8.43) ml/min/100 g for 1.5T MRI in the OR (surface coils); however, rather high interindividual deviations in CBF values were found within the volunteer cohort ([Fig. 2](#f0010){ref-type="fig"}). Quantitative values for each volunteer correlated very highly between settings (r~(3T\ vs\ 1.5T)~ = 0.968, r~(1.5T\ vs\ 1.5Tintraop)~ = 0.963, r~(3T\ vs\ 1.5Tintraop)~ = 0.917, [Fig. 3](#f0015){ref-type="fig"}). The CBF values measured for each individual volunteer can be found in [Table 1](#t0015){ref-type="table"} of the [Appendix A](#s0080){ref-type="sec"}.Fig. 1Representative CBF maps of one healthy volunteer who was scanned on the 3T (a) and the 1.5T in the radiology department (b) and the 1.5T in the OR (c). Subjective image quality appears best on the 3T (a), but the individual gyri can be delineated on the 1.5T scanners as well.Fig. 1Fig. 2Correlation coefficients comparing the results from the 3T scanner with those of the 1.5T in the radiology (Rad) department (a), the 3T scanner with the intraoperative (OR) scanner (b), and the two 1.5T scanners (c). Mean results from the CBF measurements of all volunteers are shown in (d). The CBF values yielded results with some differences but correlation between the scanners was high. Higher standard deviations were found in the 1.5T scanners. Note that the interindividual deviation in CBF values is rather high throughout the volunteer cohort; yet, between the scanners, only minor differences can be found.Fig. 2Fig. 3Example of a total resection (patient No. 1, [Table 2](#t0010){ref-type="table"}). Images were acquired on the 3T and 1.5T scanners preoperatively (first and second left column), intraoperatively on the intraoperative scanner (third column), and postoperatively again on the 3T (right column). The contrast-enhanced T1-weighted images are shown in the bottom row. The ASL scans depicted the total resection in terms of no elevated CBF during and after surgery. Note that T1 weighted MR imaging "suggests" residual tumor tissue (arrow), which turned out to be an adjacent artery after including all postoperative imaging sequences.Fig. 3

3.2. Patient study {#s0065}
------------------

Among the eight patients undergoing brain tumor resection, five had residual tumor mass intraoperatively. Of these, one resection could be continued, leaving four patients with a visible postoperative tumor mass. In the remaining three, complete resection was already achieved during surgery ([Table 2](#t0010){ref-type="table"}). The ICC for the data acquired intraoperatively was: 0.873 and for the postoperative data: 0.750.Table 2Intra- and postoperative evaluation of residual tumor mass using arterial spin labeling (ASL) and anatomical imaging.Table 2Patient dataArterial spin labelingAnatomical imagingNo.DiagnosisIntraoperativePostoperativeIntraoperativePostoperative1[a](#tf0005){ref-type="table-fn"}RT0001 (0)[a](#tf0005){ref-type="table-fn"}2RT11113RT00004P11115P (CTx)00006[b](#tf0010){ref-type="table-fn"}P11[b](#tf0010){ref-type="table-fn"}10[b](#tf0010){ref-type="table-fn"}7RT10108P1111[^1][^2][^3]

In patient No. 1 total resection could be achieved and is shown in [Fig. 3](#f0015){ref-type="fig"}. Initially, residual tumor was assumed based on T1-weighted images only, but proved to be a partial volume effect of an adjacent artery including all MR sequences postoperatively. Using ASL, complete removal was already determined.

Assessment for one patient (No. 6) in whom resection was incomplete was inconclusive between the readers and is presented in [Fig. 4](#f0020){ref-type="fig"}. Elevated perfusion was depicted in the ASL scan, indicating residual tumor which was not obvious solely on the contrast-enhanced T1-weighted images either intra- or postoperatively. As the results were inconclusive in this case, the patient was referred again to MR imaging. Additional scanning, including other sequences used postoperatively, revealed residual tumor mass that had been overlooked by only using contrast-enhanced T1-weighted images.Fig. 4Images of one GBM patient (No. 6), whose tumor could not be resected in total ([Table 2](#t0010){ref-type="table"}). Note that this patient shows rather strong brain shift, making interpretation of both ASL and anatomical imaging more difficult. The patient presented with complete preoperative MR imaging; thus, our data were acquired on 1.5T (pre- and intraoperatively in the OR) and according to the protocol postoperatively. In the preoperative scan, the area of elevated CBF can be clearly seen in the left parietal lobe (left column, middle). In both the ASL and structural imaging, residual tumor mass could be depicted during surgery (middle column, arrows). In the postoperative resection control (right column) the residual tumor mass is only seen as an area of elevated CBF in the ASL scan. On the contrast-enhanced T1-weighted images the residual tumor is not as prominent as any surgically induced changes and was overlooked at first in the blinded review.Fig. 4

4. Discussion {#s0070}
=============

Intraoperative MRI has been introduced to compensate for brain shift during resection of a lesion, but also to already control the extent of the resection intraoperatively while the skull is still open ([@bb0055]). In addition to brain shift, however, surgically induced temporary disruption of the blood-brain barrier could hamper interpretation of image data acquired intraoperatively. Any temporary intraoperative contrast enhancement could mislead the radiologist and surgeon ([@bb0010], [@bb0050], [@bb0055], [@bb0095]). To compensate for these constraints, DSC- and DCE-MRI have been used intraoperatively to help distinguish residual tumor from this surgically induced disruption of the blood-brain barrier ([@bb0055], [@bb0095], [@bb0080]). For these techniques, CA must be administered intravenously ([@bb0060]). Intraoperative ASL was described recently in a small patient group under general anesthesia ([@bb0105]). However, its use intraoperatively to depict (residual) brain tumor tissue has not been performed to date.

In the present study, we could demonstrate that ASL imaging produces robust, quantitative, interchangeable, and reproducible results in healthy volunteers using three different MRI scanners at different field strengths and using different types of receive coils. Intraoperatively, ASL can furthermore reliably depict residual tumor in glioblastoma patients. In addition, it seems to be even superior to conventional anatomical MR imaging intra- and postoperatively in this perspective, as shown in two of our cases. As surgically induced changes might be depicted in T1-weighted images both intra- and postoperatively, quantitative results from ASL are completely independent of these artifacts and enable a definite judgment.

Owing to the low signal changes in ASL between labeled and unlabeled images (even using 3T MRI scanners), the sequence must be repeated multiple times, even more so when using a lower field strength and/or with the use of one-channel circular coils (i.e., as available in the OR). Thus, the procedure takes more time than CA-based perfusion imaging techniques. Compared to DSC- or DCE-MRI, ASL has the advantage that adjacent blood vessels do not influence the results/perfusion maps, which is based on the assumption that all blood has been delivered to the tissue when calculating the final CBF values. The postlabeling delay (time between labeling and readout) is set to be longer than the arterial transit time; therefore, all blood has entered the tissue and no blood remains visible in large vessels ([@bb0005]). However, due to pathological changes and also to anesthesia, blood flow velocities might slow down and blood potentially remaining inside the vessels can be misinterpreted as areas of elevated perfusion (overshoot) ([@bb0115]).

ASL has the major advantage of being completely noninvasive. This becomes especially important when image acquisition needs to be repeated in cases of corrupted image acquisition data, which can occur more frequently in an intraoperative setting as the available equipment as well as the options for positioning the patients\' heads and the available coils are limited. Movement artifacts constitute one major limitation of ASL in general, limiting the application to scan times of approximately 5 min or less. In the intraoperative setting, however, patient movement is restricted due to head fixation in a specially designed Mayfield holder and/or to anesthesia, making it possible to perform more acquisitions, thereby increasing the signal-to-noise ratio of the resulting images. Furthermore, repeated acquisitions are less of a concern in ASL imaging since, as opposed to CA-based perfusion techniques, no adverse effects of repeated imaging should be expected because repeated injection of contrast agents can be avoided ([@bb0035], [@bb0025], [@bb0040]).

One limitation of this study is the low number of included patients, rendering it more difficult to interpret the clinical results. However, as the results appear conclusive between the two readers, the potential of using ASL in the intraoperative setting appears attractive for future studies in a larger patient cohort. Furthermore, as the patient group is heterogeneous (both primary and recurrent tumors), these two main groups should be investigated separately in future studies.

Another limitation is that CBF was not measured in low perfused tissue (i.e. white matter). Following, the reproducibility of the results could be inferior to the results obtained in this study for both gray matter and high-grade gliomas.

One major technical concern of intraoperative scanning per se is the air-fluid level, potentially distorting the images (susceptibility artifacts). However, this was negligible using EPI in DSC-MRI in phantom and in vivo studies performed previously ([@bb0095]) and again in the present study, underlining that EPI is a robust sequence for intraoperative MR imaging in our setting.

One problem regarding reproducibility in general is that pre- and postoperative MRI examinations are often conducted using different field strengths (as also employed in this study), and sometimes even on scanners from different manufacturers, making it difficult to accurately compare the imaging data obtained. This technical variety can be compensated by using ASL and creating the quantitative measurement of CBF (in ml/min/100 g brain tissue), as this value is -- as presented both in previous studies and in this one -- independent of the scanner hardware used ([@bb0065]).
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Appendix A. Appendix {#s0080}
====================

Table 1CBF values (in ml/min/100 g) of the whole-brain gray matter for each volunteer on all three scanners with standard deviation.Table 1VolunteerCBF 3TStd. dev.CBF 1.5T RadStd. dev.CBF 1.5T ORStd. dev.136.7111.1538.5311.4937.2515.00247.9112.0547.6613.0549.415.07361.6912.3257.5512.5058.0814.31457.7710.4453.7311.3151.1815.1564.7511.3863.9512.6164.3916.23640.7712.6643.9112.2242.6714.91749.7710.9352.9211.9352.4515.84838.3810.8137.512.5938.6314.54952.8311.9250.1113.9544.7614.851044.6910.0445.5811.9247.7115.21Mean49.539.7249.158.2848.568.43Table 2List of the devices used for each patient for peri- and postoperative scanning alongside the duration of surgery of each patient.Table 2PatientPerioperativePostoperativeDuration of surgery (hours:minutes)13T3T04:4921.5T Rad1.5T Rad05:2331.5T NCH1.5T Rad04:5141.5T NCH1.5T Rad06:1653T3T02:3561.5T NCH1.5T Rad04:1971.5T Rad1.5T Rad05:1381.5T Rad1.5T Rad04:21Table 3Representative example of the measured g-factors of one healthy volunteer in each setting showing a reduction of SNR from the 3T to the 1.5T Rad scanner and the intraoperative scanner.Table 33T1.5T Rad1.5T OR1.12 ± 0.111.01 ± 0.120.97 ± 0.09Table 4Grading of image quality by two readers of the unsubtracted EPI images of the ASL datasets. The rating scale was: (1) excellent image quality without or very little distortion; (2) good image quality with minor distortions; (3) fair image quality with distortions, but usable for diagnosis; and (4) poor image quality, not possible to be used for interpretation. The ICC between the two readers was calculated as 0.676.Table 4PatientReader 1Reader 2111212321432511622722811

[^1]: In this rating, 0 means no visible residual and 1 means visible residual tumor. The ICC for the intraoperative acquired data was: 0.873 and for the postoperative data: 0.750. RT: recurrent tumor; P: primary tumor; CTx: (neoadjuvant) chemotherapy.

[^2]: At first a structure was misinterpreted as residual tumor mass but later amended to being a partial volume effect of an artery (see also [Fig. 2](#f0010){ref-type="fig"}).

[^3]: In this case residual tumor was visible intraoperatively in both ASL and anatomical imaging, postoperatively only in the ASL. The contrast-enhanced T1 images needed to be reevaluated and it was concluded that there is still residual tumor mass (see also [Fig. 3](#f0015){ref-type="fig"}).
